Conceptual Design of Propulsion Systems for Boundary Layer Ingestion by Samuelsson, Sebastian
THESIS FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 
IN THERMO AND FLUID DYNAMICS 
 
 
 
 
 
 
 
 
 
Conceptual Design of Propulsion Systems for Boundary 
Layer Ingestion 
 
 
 
 
SEBASTIAN SAMUELSSON 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Department of Mechanics and Maritime Sciences 
 
CHALMERS UNIVERSITY OF TECHNOLOGY 
 
Gothenburg, Sweden 2019 
 
 
 
 
 
 
 
Conceptual Design of Propulsion Systems for Boundary Layer Ingestion 
SEBASTIAN SAMUELSSON 
ISBN 978-91-7905-193-8 
 
 
© SEBASTIAN SAMUELSSON, 2019. 
 
 
Doktorsavhandlingar vid Chalmers tekniska högskola 
Ny serie nr 4660 
ISSN 0346-718X 
 
 
Department of Mechanics and Maritime Sciences 
Chalmers University of Technology 
SE-412 96 Gothenburg 
Sweden 
Telephone + 46 (0)31-772 1000 
 
 
 
 
 
 
 
 
 
 
Chalmers Reproservice 
Gothenburg, Sweden 2019 
i 
 
Conceptual Design of Propulsion Systems for Boundary Layer Ingestion 
SEBASTIAN SAMUELSSON 
Department of Mechanics and Maritime Sciences 
Chalmers University of Technology 
ABSTRACT 
To reduce the climate impact of aviation new aircraft and engine concepts as well 
as improved design methods are needed. In this thesis, two fronts are explored. 
The first concerns improved methods for the conceptual design of the engine. A 
consistent conceptual design approach is presented, where calculated parameters 
such as stage loadings are used to update the component efficiency assumptions 
within the cycle optimization loop. The result is that the design space is fully 
explored, and that pressure ratio is optimally distributed between the components. 
A coupled analysis of a low pressure turbine and turbine rear structure has also 
been conducted, showing the importance of considering their coupled interaction 
when these components are designed. 
On the second front, concerning the application of the developed methods to new 
propulsion applications, a conceptual design of a propulsion system for a turbo-
electric boundary layer ingesting aircraft concept is presented. The aircraft features 
and aft-mounted fuselage fan for boundary layer ingestion. Earlier studies have 
shown a theoretical potential of 10% in power savings compared to a conventional 
aircraft configuration. The fuselage fan is electrically powered and fed by power 
offtake from two under-wing mounted geared turbofan engines. To this end, a 5 
MW-class generator is integrated into the geared turbofans. The generator is 
connected to a free power turbine that is introduced to facilitate an optimal 
generator design and to mechanically decouple the generator from the low 
pressure shaft. A system-level analysis of the designed propulsion system, 
including the effects of the boundary layer ingesting fuselage fan shows a fuel burn 
reduction of 0.6%-3.6%, depending on electric machinery technology, compared 
to a conventional aircraft in the 2050 time frame. The modest reduction, compared 
to the theoretical potential, is caused by the difficulty of obtaining a benefit from 
ingesting the outer part of the boundary layer. This benefit is more than offset by 
electric machinery losses and the reduced efficiency of the fuselage fan compared 
to the main engine fan.  
Keywords: Aviation, aircraft engine, conceptual design, performance modeling, 
propulsion integration, boundary layer ingestion, turbo-electric aircraft 
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NOMENCLATURE 
A Area 
AC Alternating current 
ACC Active clearance control 
ATM Air traffic management 
BLI Boundary layer ingestion 
BPR Bypass ratio 
CAS Calibrated air speed 
CENTRELINE 
Concept validation study for fuselage wake-filling 
propulsion integration 
CFD Computational fluid dynamics 
CO Carbon monoxide 
CO2 Carbon dioxide 
CORSIA 
Carbon offsetting and reduction scheme for international 
aviation 
DC Direct current 
EASA European Aviation Safety Agency 
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EU European Union 
ETS Emissions trading system 
FEM Finite element method 
FHV Fuel heating value 
FN, FN Net thrust 
FPR Fan pressure ratio 
GESTPAN General stationary and transient propulsion analysis 
HC Hydrocarbon 
HPC High pressure compressor 
HPT High pressure turbine 
ICAO International Civil Aviation Organization 
IEA International Energy Agency 
ISA International standard atmosphere 
LPT Low pressure turbine 
LUAX-T Lund University axial turbine 
M Mach number 
m Mass flow 
MCT Max continuous thrust 
MTO Max take-off 
N1 Fan spool speed 
N1corr Fan corrected spool speed 
NEWAC New aero engine core concepts 
NHATC Non-hierarchical analytical target cascading 
NOx Nitrogen oxides 
OAT Outside air temperature 
OPR Overall pressure ratio 
P Power 
x 
 
p0 Total pressure 
PFC Propulsive fuselage concept 
QF Fuel heating value 
R Degree of reaction 
RPK Revenue passenger kilometer 
SFC Specific fuel consumption 
T0 Total temperature 
T2 Total temperature at fan face 
T41 Turbine inlet temperature 
TRS Turbine rear structure 
TSP Thrust setting parameter 
U Blade speed 
V Velocity 
v Absolute velocity 
VBV Variable bleed valve 
VITAL Environmentally friendly aero engine 
VSV Variable stator vane 
W25R HPC inlet corrected mass flow 
WF Fuel flow 
w Relative velocity 
WEICO Weight and cost estimation 
ΔH Change in total enthalpy 
α Absolute flow angle 
β Relative flow angle 
γ Specific heat ratio 
η Efficiency 
ρ Density 
ϕ Flow coefficient 
ψ Stage loading 
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1 Introduction 
In little over a century, aviation has gone from its first powered, heavier-than-air 
flight to one of the dominant modes of transport. Like few other technologies, it 
has enabled connecting people from different continents and contributed to 
making far-flung places on the globe more accessible. 
Air traffic in terms of revenue passenger kilometers (RPK) doubled between 2003 
and 2017 [1] and is forecasted by Boeing to grow at an annual rate of 4.6% [2], see 
Fig. 1, for the coming 20 years. The International Energy Agency (IEA) has 
forecasted a more modest growth of 3.8% annually [3]. Efficiency improvements 
meant that carbon dioxide (CO2) emissions per passenger kilometer decreased at 
a rate of around 2.6% per year from 1990 to 2014 [4]. However, this rate is forecast 
to slow to an annual average rate of 1.3% [3] in the IEA’s Efficient World Scenario, 
which means that aviation’s CO2 emissions are projected to grow substantially in 
the coming 20 years. 
 
 
Fig. 1. Trend in global revenue-passenger-kilometers [2, 4]. 
1.1 Environmental impact from aviation 
Several emissions from aircraft engines affect the climate and the environment. 
Carbon dioxide emissions contribute to global warming by creating a positive 
radiative forcing [6]. Nitrogen oxides (NOx) have both a cooling effect and a 
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warming effect on the climate [7]. When NOx is broken down ozone is formed 
which has a warming effect. However, NOx also helps to break down the strong 
climate warming gas methane, which means that NOx can be said to have a cooling 
effect in this case. The net effect of NOx is a positive radiative forcing [6]. 
Furthermore, NOx is detrimental to health [8], which is mainly a problem at taxi, 
take-off and landing. Moreover, aircraft engines emit soot particles, which can be 
harmful if ingested into the lungs. In addition, soot particles act as nuclei for the 
forming of ice particles that cause contrail cirrus at high altitudes [9]. Contrail 
cirrus is a strong radiative forcer. Current estimates contain large uncertainties, but 
its effect is estimated to be of approximately equal magnitude as carbon dioxide 
emissions from air travel [6].  
1.2 Emissions mitigation strategies 
There are several strategies to reduce the environmental impact of aviation. They 
can be broadly divided into four categories: technical, alternative fuels, operational 
and regulatory. This section will give a brief overview of these different strategies. 
1.2.1 Technology improvements 
As mentioned earlier, the aerospace industry has done a great deal to improve the 
fuel efficiency of its operations. Many of these improvements have come thanks to 
technical advancements. Examples include the introduction of the turbofan engine 
to replace the more fuel-consuming turbojet in commercial aircraft and the fitting 
of winglets on the wings to reduce induced drag [10].  
A wide variety of potential future technologies are currently being studied. These 
include for example novel engine architectures, such as intercooled engines [11], 
pulse detonation combustion [12], piston-topping [13, 14] and open rotors [15, 16]; 
new ways of integrating the wings and propulsion systems into the aircraft, such as 
blended-wing-bodies [17] or distributed propulsion [18, 19]; and a higher degree of 
electrification, to name a few.  
1.2.2 Alternative fuels 
Another way of lowering the environmental impact of aviation is to replace the 
fossil fuels that are currently powering almost all air travel with renewable energy 
sources. Drop-in biofuels can be used with current engines and is already utilized 
by some airlines to a limited extent. The biofuels that have been certified to date 
are allowed to be used at a maximum share of 50% together with fossil jet fuel [20]. 
The advantage of these fuels is that they can be used with current aircraft and the 
logistics at the airports is similar to what is already in place. If the biofuels are 
sustainably sourced, they will contribute to lower net emissions of CO2. A research 
study [21] also indicated that using a higher share of biofuels can lead to lower soot 
emissions, which could reduce the formation of contrail cirrus [9]. A limiting factor 
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could be the availability of bio-mass and the large areas required to grow energy 
crops. If not managed properly, this could cause, for example, competition with 
food production.  
Another fuel under consideration is hydrogen [22], which would require a re-
design of the aircraft due to the higher fuel tank volumes required. It would also 
require infrastructure solutions for distribution and storage. However, if the 
hydrogen used can be produced from renewable energy, such as solar or wind 
power it can prove nearly carbon neutral. 
Electric propulsion has also garnered attention recently, both fully electric and 
hybrid-electric concepts. There are several start-up companies currently 
developing electric aircraft, such as Zunum Aero [23], Wright Electric [24] and 
Heart Aerospace [25]. A two-seat aircraft, the Pipistrel Alpha Electro [26], is 
already on the market. The main challenge for electric aircraft is the range 
limitation currently imposed by the large battery masses required. Without 
revolutionary developments in battery technology, fully electric aircraft are not 
projected to be viable for long-range applications in the foreseeable future [27]. 
They have the potential, however, to compete on the regional airline market and 
to facilitate air travel on shorter, low traffic volume routes that are currently not 
profitable to operate. 
1.2.3 Operational improvements 
There are also opportunities to operate the existing fleet in a more efficient way. 
Improved air traffic management (ATM) can lead to straighter flight routes and 
thus shorter flight distances and reduced fuel consumption. For long-haul flights, 
staged flights are beneficial from a fuel burn perspective [28]. That is due to the 
large fuel quantities needed for long-range operations. This fuel will add a 
significant amount of mass to the aircraft in the first part of the flight, which will 
cause the fuel consumption to increase. If instead aircraft optimized for a shorter 
stage length are used in several flight stages, the total fuel consumption will be 
lower, especially if this is combined with seating arrangements more typical of 
short and medium-range aircraft.  
To avoid contrail formation, operations can be adapted to fly at a lower, or possibly 
higher, altitude in regions where the risk of contrail formation is large [29, 30], or 
to fly around those regions. 
1.2.4 Regulations 
In order to create incentives for the industry to improve energy efficiency, a 
number of regulations have been or will be implemented. The European Union 
(EU) emissions trading system (ETS) encompasses heavy energy-users such as 
power stations and industrial plants as well as flights within the EU, Iceland, 
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Norway and Liechtenstein (although Liechtenstein does not have an airport) [31]. 
The ETS is a cap-and-trade system, meaning that a limit is set on the total annual 
emissions of a gas from the industries covered by the system. This cap is then 
reduced with time so that total emissions fall. Companies can receive or buy 
emission allowances. The allowances can be traded, with the intention that 
emissions reductions will then be implemented where it is the least costly. The idea 
is that this will foster carbon emission reduction in the most cost-efficient way. 
ICAO have also introduced a measure for carbon offsetting and reduction called 
CORSIA [32]. CORSIA aims at carbon neutral growth from aviation compared to 
a 2020 baseline. Airlines can achieve this either by stabilizing their emissions or by 
investing in approved carbon offsetting schemes to reduce emissions in other 
sectors. The pilot phase of CORSIA is set to start in 2021 and, as of July 2019, 81 
states covering 77% of international aviation activity intend to participate from the 
outset [32]. 
There have also been more local initiatives. In 2018, Sweden introduced an aviation 
tax [33]. A fixed amount is taxed per ticket, with the intention to dampen demand. 
There is also a proposal to introduce an emissions reduction obligation for aviation 
fuels, meaning that the fuel supplier is mandated to reduce net CO2 emissions by 
blending biofuels into the supplied aviation fuel [34]. 
1.3 The turbofan engine 
The work contained in this thesis is focused mainly on the aircraft propulsion 
system, particularly the turbofan engine. It is the dominating jet engine type for 
civil aviation. It was introduced in order to lower fuel consumption as well as noise 
levels from the turbojet engine from which it is derived. The turbojet uses all intake 
air for combustion. In modern turbofans, most of the ingested air is directed 
through the bypass duct after being compressed by the fan. A smaller fraction of 
the intake mass flow passes through the engine core. The core mass flow is further 
compressed through the intermediate and high pressure compressors. The 
compressed air is then mixed with fuel and burned. It is subsequently expanded 
through the turbines that drive the compressors (including the fan) before it is 
exhausted through the nozzle to generate thrust. The expression for net thrust (𝐹𝐹𝑁𝑁) 
for fully expanded flow is derived from the momentum equation and is expressed 
in Eq. (1) 
𝐹𝐹𝑁𝑁 = 𝑊𝑊𝑗𝑗𝑉𝑉𝑗𝑗 −𝑊𝑊𝑖𝑖𝑉𝑉𝑖𝑖          (1) 
with 𝑊𝑊𝑗𝑗 representing the jet mass flow,  𝑉𝑉𝑗𝑗 the jet velocity, 𝑊𝑊𝑖𝑖 the intake mass flow 
and 𝑉𝑉𝑖𝑖 the flight velocity. 
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A common metric for assessing the fuel efficiency of turbofan engines is the 
specific fuel consumption (SFC), which is defined as the fuel mass flow (𝑊𝑊𝐹𝐹) per 
unit of net thrust. 
𝑆𝑆𝐹𝐹𝑆𝑆 = 𝑊𝑊𝐹𝐹
𝐹𝐹𝑁𝑁
         (2) 
When quantifying the efficiency of the engine, the overall efficiency (𝜂𝜂𝑜𝑜) is often 
divided into thermal efficiency (𝜂𝜂𝑡𝑡ℎ) and propulsive efficiency (𝜂𝜂𝑝𝑝). The thermal 
efficiency is a measure of how efficiently the energy supplied in the fuel is 
converted to potentially useful kinetic energy. The propulsive efficiency specifies 
how well this potentially useful kinetic energy is used to produce thrust. 
𝜂𝜂𝑡𝑡ℎ = 𝑊𝑊𝑗𝑗𝑉𝑉𝑗𝑗22 −𝑊𝑊𝑖𝑖𝑉𝑉𝑖𝑖22𝑊𝑊𝐹𝐹𝑄𝑄𝐹𝐹          (3) 
𝜂𝜂𝑝𝑝 = 𝐹𝐹𝑁𝑁𝑉𝑉𝑖𝑖
𝑊𝑊𝑗𝑗
𝑉𝑉𝑗𝑗
2
2
−𝑊𝑊𝑖𝑖
𝑉𝑉𝑖𝑖
2
2
≈
2
1+
𝑉𝑉𝑗𝑗
𝑉𝑉𝑖𝑖
             (4) 
with 𝑄𝑄𝐹𝐹  denoting the fuel heating value. 
The overall efficiency is the ratio of produced thrust power to the rate of energy 
supplied in the fuel and thus the product of 𝜂𝜂𝑡𝑡ℎ and 𝜂𝜂𝑝𝑝. 
𝜂𝜂𝑜𝑜 = 𝐹𝐹𝑁𝑁𝑉𝑉𝑖𝑖𝑊𝑊𝐹𝐹𝑄𝑄𝐹𝐹 = 𝑉𝑉𝑖𝑖𝑆𝑆𝐹𝐹𝐶𝐶×𝑄𝑄𝐹𝐹 = 𝜂𝜂𝑡𝑡ℎ𝜂𝜂𝑝𝑝                 (5) 
 
 
Fig. 2. Cut-away of the PW1100G.  The fan and intermediate pressure compressor 
(IPC) are driven by the low pressure turbine (LPT). There is a gearbox between the 
fan and IPC to allow them to rotate at different speeds.  The high pressure turbine 
(HPT) drives the high pressure compressor (HPC). Courtesy of Pratt & Whitney. 
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1.4 Scope of work 
The present thesis can be divided into two main parts. The first part is focused on 
aircraft engine performance and conceptual design methods and is contained in 
papers I, II and IV. It aims to assess how interactions between different 
components affect the engine performance and the optimal engine design. This 
part was carried out in collaboration with GKN Aerospace and the then 
Department of Production and Product Development (now called the Department 
of Industrial and Materials Science) at Chalmers. In the second part, presented in 
papers III, V, VI and VII, the performance and conceptual design tools used are 
then expanded to model the propulsion system of a turbo-electric aircraft concept 
with fuselage boundary layer ingestion. This part aims to explore how a gas turbine 
engine requiring large generator power offtake should be designed, including how 
to integrate the electric machinery. It also aims to provide an assessment of the 
system level benefit of the aircraft concept. In addition to the work contained in 
the appended papers, part-load performance modeling is discussed as this is 
required for a complete assessment of the presented engine concept.  The second 
part was mainly conducted within the EU Horizon 2020 project CENTRELINE.   
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2 Engine performance and conceptual design 
When designing an aero engine, several steps need to be undertaken, see Fig. 3. 
Based on the customer needs and regulatory requirements, which include factors 
such as reduced fuel burn and noise levels, the most suitable engine must be found. 
In an initial design phase, a choice of thermodynamic cycle, types and numbers of 
turbomachinery components and the engine architecture layout is made. The 
outcome of this phase is usually the same at a given engine manufacturer, due to 
the associated high risks and development costs of moving to a new architecture. 
Of the large manufacturers of jet engines for commercial aircraft, General Electric 
have been associated with a two-shaft architecture, and Rolls-Royce with a three-
shaft engine for several decades. However, the third large manufacturer, Pratt & 
Whitney, have recently decided to move to a two-shaft engine with a geared fan. 
After the general layout has been decided upon, the thermodynamic cycle is 
defined in the engine design point. Here, assumptions are made on for example 
compressor pressure ratios, component efficiencies, bypass ratio, combustor 
pressure loss and turbine inlet temperature. The performance is then evaluated in 
several off-design operating points to make sure the engine cycle meets the 
constraints posed by these operating conditions. After that, an engine conceptual 
design is made, where the engine gas path is mapped out, including component 
inner and outer radii, number of stages, rotational speeds, axial Mach numbers etc. 
Here, correlations based on existing engine data, such as those in [35], are used to 
determine hub/tip ratios, stage loadings, airfoil aspect ratios etc. Also, a 
correlation-based weight assessment is carried out where suitable materials for the 
components are selected and sizes of shafts, discs and casings etc. are estimated. It 
is in the domain of the thermodynamic cycle studies and conceptual design that the 
work in this thesis is mainly carried out. However, also aspects of the preliminary 
studies and aerodynamic component design have been treated in parts of the work. 
Aerodynamic and mechanical design of the individual components is done in 
several stages of increasing fidelity, starting with cheaper, less time-consuming 
methods such as through-flow calculations (for the aerodynamics) moving towards 
full computational fluid dynamics (CFD) simulations and ultimately real 
component and full engine tests. The process is iterative where findings further 
down the design process can show the necessity of making changes on a higher 
level, although this can be costly, in particular late in the design process. 
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Fig. 3. Gas turbine design procedure adapted from Saravanamuttoo [36]. The green 
area indicates the main focus of the work in this thesis. 
2.1 Performance modeling 
While modeling the performance of aero engines, the compatibility equations 
shown in Eq. (6) must be satisfied. These consist of compatibility of flow, 
compatibility of rotational speed and compatibility of work. Here 𝑥𝑥1, … , 𝑥𝑥𝑛𝑛 
represent performance iteration variables and 𝑓𝑓1, … , 𝑓𝑓𝑛𝑛 are corresponding residuals 
to be iterated to zero. 
𝑓𝑓1(𝑥𝑥1, … , 𝑥𝑥𝑛𝑛) = 0
𝑓𝑓2(𝑥𝑥1, … , 𝑥𝑥𝑛𝑛) = 0
⋮
𝑓𝑓𝑛𝑛(𝑥𝑥1, … , 𝑥𝑥𝑛𝑛) = 0   (6) 
Aero engine performance modeling is traditionally carried out in two different 
modes, the design mode and the off-design mode. In the design mode, assumptions 
are made on component technology levels, meaning efficiencies, pressure ratios 
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and turbine inlet temperature, for example. This means that the compatibility 
equations can be formulated in such a way that they can be solved without iterating, 
since upstream components give the requirements on the downstream 
components. For example, the rotational speed and work requirements of the HPC 
will give the corresponding values for the HPT.  
In the off-design mode, iteration variables and corresponding residuals are chosen. 
The turbomachinery component characteristics are typically contained in 
performance maps, where the variation of mass flow, pressure ratio and efficiency 
with rotational speed can be obtained. Since the engine design has already been 
set, an iterative procedure must be used to match the components. The matching 
calculations are performed to find the operating point in each component where 
the compatibility equations are satisfied and the required thrust (or other chosen 
rating parameter) is met. A detailed explanation of performance calculations can 
be found in the literature, for example in [36]. 
2.2 Modeling tools 
The performance modeling and conceptual design tools used in this work are 
briefly presented in this section. 
2.2.1 Engine performance 
Engine performance calculations carried out in this work have been made using 
the Chalmers in-house code GESTPAN developed by Grönstedt [37]. GESTPAN 
is module based meaning that the components that make up the engine are split 
into separate modules. Examples of modules include inlet, compressor, burner, 
turbine and nozzle. The advantage of this structure is that it is relatively straight-
forward to set up models of new engine architectures. The engine model is defined 
using an input text file where the modules used, and their connections, are defined. 
The connections are specified by connecting output variables from one module to 
input variables of another, for example the output temperature of the HPC is 
connected to the input temperature of the burner. The engine design point is then 
specified by entering a series of input values, such as flight altitude and Mach 
number, component efficiencies and compressor pressure ratios. The turbine 
cooling flow can be set explicitly by the user or is calculated from a maximum 
permitted blade temperature, based on the method published by Young and 
Wilcock [38, 39]. Off-design performance can also be computed by defining the 
flight conditions, i.e. altitude, Mach and temperature deviation from international 
standard atmosphere (ISA) conditions and an engine rating parameter, for 
example net thrust, turbine inlet temperature or relative corrected fan speed.   
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2.2.2 Engine weight and dimensions 
The flow-path layout, engine weight and dimensions are modeled using WEICO. 
WEICO was developed at Chalmers during the European projects NEWAC [40] 
and VITAL [41]. WEICO is based on the methodology developed by Onat and 
Klees [42]. WEICO can be run either stand-alone or as an extension to GESTPAN. 
WEICO calculates the weight and dimensions of each component based on 
performance output and weight model specific user input data. A range of engine 
architectures have been defined in WEICO and through an input file, the user 
specifies which type of engine is modeled, for example a two-shaft or a three-shaft 
engine. There is a myriad of input options that can be either specified by the user 
or calculated and given as output, such as hub/tip ratios, blade heights, aspect 
ratios, Mach numbers, hub and tip radii, stage loadings etc. Default values for the 
chosen engine architecture and technology level and/or entry into service year are 
used where no input has been specified by the user. 
2.2.3 LPT mean-line design 
For the LPT mean-line design conducted as part of Paper V, LUAX-T [43] 
developed at Lund University was used. LUAX-T is a reduced order through-flow 
code implemented in MATLAB and capable of designing highly loaded, cooled 
axial turbines. The calculations are composed of three iteration loops, for cooling, 
entropy and geometry generation. The input can either be entered through a 
graphical user interface or by loading a separate input file. 
2.3 Consistent point analysis 
To better be able to balance different component requirements against each other 
to create the most optimal engine as a system, it is necessary that the engine 
designer has access to the most accurate models at all stages of the design process. 
One way to achieve this is to update the initial assumptions on component 
technology levels in the thermodynamic cycle calculations, once the conceptual 
design has been carried out. For example, turbomachinery component efficiencies 
depend on parameters such as stage loading, Reynolds number and component 
size. This means that the efficiencies can be updated based on correlations with 
these parameters, once better estimates of these have been obtained through the 
conceptual design. The efficiency assumptions in the cycle calculation can then be 
updated until they are consistent with the correlated values based on the 
conceptual design output. 
Paper I in this thesis introduces a method to implement this process. The algorithm 
is summarized in Fig. 4. The variables 𝜒𝜒1, … ,𝜒𝜒𝑘𝑘  represent optimization variables, 
such as for example bypass ratio (BPR), overall pressure ratio (OPR) and fan 
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pressure ratio (FPR). The parameters to be iterated until they are consistent with 
assumptions, for example component efficiencies, are represented by 𝜒𝜒𝑘𝑘+1, … ,𝜒𝜒𝑚𝑚 . 
 
Fig. 4. Consistent conceptual design algorithm. 
2.3.1 Potential applications of consistent design 
Consistent point analysis can be used to, for example, study the effect on whole 
engine level if the efficiency can be improved for one component. This effect can 
be studied for several different cases. The engine conceptual design, i.e. the size of 
components and shape of the gas path can be kept fix, seeing what effect an 
increase in a single component efficiency would have. That can be compared with 
an engine where the conceptual design is re-optimized with the new efficiency, but 
for a fixed thermodynamic cycle. A third case would allow for re-optimization of 
the thermodynamic cycle, using the new efficiency.  
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3 Part-load performance modeling 
In this section, the operation and modeling of aero engines' off-design performance 
will be discussed. In particular, operating conditions with low levels of thrust will 
be treated. A general introduction to the flight envelope and thrust management 
of engines is given to understand how the engines operate. This is followed by a 
description of engine operation at conditions far off-design and how this can be 
modeled. 
3.1 Flight envelope 
An aero engine needs to operate safely under strongly varying operating 
conditions. These include, for instance, take-off on a hot day at a high-altitude 
airport, top-of-climb at cruise altitude and idling on the ground. The various 
operating points encountered by an engine are enclosed in what is referred to as 
the flight envelope, see Fig. 5. The highest required thrust occurs at take-off and 
go-around (acceleration due to a missed approach) [44]. This thrust level is 
certified to be maintained for five minutes with all engines operative and ten 
minutes in case of engine failure at take-off. The highest thrust that can be 
maintained for the entire duration of the flight is the max continuous thrust (MCT). 
This thrust represents the thrust needed to fly with one engine out and is not 
available above a certain altitude [44, 45]. The max climb thrust rating is the highest 
thrust during normal climb operation. It is available at higher altitudes compared 
to max continuous thrust. The maximum take-off (MTO) thrust and maximum 
continuous thrust are the only two thrust settings that an engine is certified for. 
Other thrust ratings, such as climb, cruise and idle are set or recommended by the 
engine manufacturer. 
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Fig. 5 Scatter plot of operating points enclosed in the flight envelope. 
3.2 Sizing operating conditions 
The engine must fulfil a set of criteria regarding the performance and safe 
operation of the engine. The aerodynamic sizing point is typically at top-of-climb, 
where values for compressor pressure ratios, corrected mass flow and corrected 
speed are the highest. The mechanical sizing point is typically at take-off, where 
temperatures (with some exceptions, see section 2.4.4) and rotational speeds are at 
their peak. The engine must also provide enough thrust to meet take-off field 
length and initial climb gradient requirements in a one-engine inoperative 
scenario. The engine should also be sized such that the aircraft can meet its 
specification on climb time or distance to cruise altitude. As a twin-engine aircraft 
loses 50% of its available thrust in case one engine fails and a four-engine aircraft 
only loses 25%, typically the engines for twin-engine aircraft are sized against take-
off requirements and those on a four-engine aircraft against climb time/distance 
[46]. 
3.3 Engine thrust management 
The level of engine thrust must be managed depending on the operating 
conditions. Commercial aircraft engines are generally operated flat rated. The level 
of engine thrust is in general limited by the turbine inlet temperature (𝑇𝑇41). 
Thermodynamically, an engine will be able to produce higher thrust for lower 
outside air temperatures (OAT) at a given atmospheric pressure. However, higher 
thrust also causes higher mechanical loads on the engine, meaning that it would 
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have to be over-dimensioned and hence become both more expensive to build and 
to operate, due to the increased weight. Instead, the engine is rated such that it will 
give a constant thrust for OATs below a flat rating point. This is what is referred 
to as flat rated thrust. For OATs above the flat rating point, the thrust will be de-
rated continuously, the higher the OAT, in order to stay below the 𝑇𝑇41 limit. This 
means that a longer take-off distance is required, if all other conditions remain the 
same. Some engines have a bump rating setting for hot day conditions at high 
altitude airports. Here, a higher 𝑇𝑇41 is allowed, facilitating a higher thrust. 
Operating the engines at a higher rating has an adverse effect on engine life, due 
to the associated higher mechanical loads. Similarly, for beneficial conditions, 
including a long runway and lightly loaded aircraft, the engine can be derated [47]. 
In this case, the engine will provide a lower thrust in order to reduce engine wear 
and hence extend engine life and reduce maintenance costs. 
Typical trends for net thrust (FN), fan shaft speed (N1), corrected fan speed 
(N1corr), 𝑇𝑇41 and engine pressure ratio (EPR) are shown in Fig. 5. Since in-flight 
thrust is difficult to measure reliably, a thrust setting parameter (TSP) such as EPR 
is often used instead [48]. EPR is the ratio of total pressure at the nozzle exit to the 
engine inlet. Since modern, high-bypass turbofan engines typically have low EPRs, 
usually N1corr (N1corr = N1/√θ, θ = 𝑇𝑇2/𝑇𝑇2𝑟𝑟𝑟𝑟𝑟𝑟) is used as TSP in its place. While 
N1 will increase with OAT to provide a constant net thrust, N1corr is flat-rated. 
N1 increases with OAT since an almost constant mass flow is needed to provide a 
constant thrust and the lower air density thus means that the shaft needs to rotate 
faster to achieve this. The mass flow rate at constant calibrated air speed (CAS) is 
proportional to the square root of the density ratio 𝜌𝜌/𝜌𝜌𝑟𝑟𝑟𝑟𝑟𝑟 , which explains why 
N1corr then becomes flat rated. 
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Fig. 6. Flat take-off rating for a typical modern turbofan. 
3.4 Engine part-load considerations 
In mechanical terms, some of the dimensioning load cases can occur at low thrust 
operating points. For example, in newer engines with active clearance control 
(ACC) in the LPT, the exhaust gas temperature can be most critical during engine 
start [49]. With ACC the LPT case is cooled during the flight to optimize the tip 
clearance and hence efficiency during cruise. However, when the engine is started, 
the different thermal expansion properties of the turbine rotor and the case can 
cause the rotor to expand faster than the case. To prevent this to cause tip rub, i.e. 
a blade tip touching the case, the case is not cooled during startup [49]. This means 
that even if the exhaust gas temperatures are lower at startup/ground idle than 
during take-off, the metal temperatures in the case can reach its maximum here.  
Another example is that engine outlet temperatures can achieve its maximum 
values at ground idle for some engine types. There is a benefit of keeping the thrust 
and rotational speed levels at idle as low as possible for reasons of fuel 
consumption, emissions and noise, as well as to avoid excessive braking during taxi 
[49]. Since most of the thrust in a turbofan engine is produced by the fan, i.e. low 
pressure system, the work done by the low pressure turbine and hence the 
temperature drop over it becomes lower for lower thrust levels. At low idle 
operating points most of the energy conversion will be done in the high pressure 
system, since this is needed to keep the engine running with its auxiliary functions 
of supplying the aircraft with electrical power, hydraulic power and cabin bleed. 
This means that the temperature out from the low pressure turbine can be higher 
for lower thrust levels at idle. Therefore, when it comes to structures located 
OAT
N1 N1corr FN T41 EPR
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behind the LPT, the thermal requirements can be set at low idle settings. 
Furthermore, heat transfer effects can mean that the thermal stresses can reach 
their maximum during transient operation, such as engine start, if for example the 
surface of a component is heated more quickly than its interior. If the convective 
heat transfer coefficient is much larger than the thermal conductivity of the 
material, this can occur. 
3.5 Operating engines at part-load 
Several techniques are used to ensure the reliable operation of the compressors at 
part load. These include the variable bleed valve (VBV), variable stator vanes 
(VSV) and additional bleed valves at one or more locations in the HPC [49].  
The VBV is located after the booster. At low rotational speeds of the booster the 
valve is opened to prevent surge in the booster. 
In the HPC, at part load, different parts of the compressor will experience different 
difficulties due to the many number of stages in the component. The mass flow will 
be reduced causing a higher incidence on the front stages meaning that they will 
operate closer to stall. To prevent this, variable stator vanes are used in the front 
stages to reduce the incidence. Conversely, in the rear stages the compressor will 
operate closer to choking because the annulus area has been specified for a higher 
pressure ratio at the design point. The reduced density of the air in the last stages 
will mean a higher velocity and thus a risk of choking. This is prevented by bleeding 
air in the middle of the compressor [50]. 
3.6 Modeling procedure 
The challenge when it comes to modeling operating points far off-design stems 
from the limited amount of available data in the open literature together with the 
numerical difficulties that are encountered. It is clear from the previous discussion 
that there are several input variables that can be modified, and the available 
calibration data is often limited to engine emissions certification data at a number 
of certification operating points.  
The ICAO emissions certification data is available online through EASA [51]. It 
lists the emissions of unburned hydrocarbons (HC), carbon monoxide (CO) and 
nitrogen oxides (NOx) as well as smoke number for four different operating points. 
Apart from emissions, the fuel flow to the engine is published in the certification 
data. The tests are conducted for 100% thrust, representing take-off, 85% thrust, 
representing climb out, 30% thrust, representing approach before landing, and 7% 
thrust, representing ground idle. The engine is mounted on a test stand while 
carrying out the tests and there is no power extraction or stage bleed. When 
modeling, therefore, the model should be tuned so that it matches the emissions 
certification data at the four operating points mentioned above. 
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For modeling of ground idle operation, first an estimate on the idle thrust must be 
made. The level of idle thrust is usually lower than 7% which is the idle certification 
point. Data from several existing engines, gives a correlation of idle thrust with 
max thrust according to Eq. (7) [52]: 
FN,idle
FN,max = c1 + c2ln FN,max                  (7) 
Furthermore, the available compressor maps do not cover the operating conditions 
at low idle settings. The behavior of the compressor must therefore be extrapolated 
based on correlations in this region. Based on data of existing engines the 
polytropic efficiency can be expressed as a function of the corrected mass flow 
(W25R) [52]. For the HPC, a third order polynomial is used according to Eq. (8): 
1−ηpol
1−ηpol,max = c1 � W25RW25R,max�3 + c2 � W25RW25R,max�2 + c3 � W25RW25R,max� + c4             (8) 
with 𝑊𝑊25𝑅𝑅 = 𝑊𝑊25�𝑇𝑇25/𝑇𝑇25,𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝25/𝑝𝑝25,𝑟𝑟𝑟𝑟𝑟𝑟  and 25 denoting entry to HPC. 
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4 Multidisciplinary design and optimization 
During recent decades, computer simulations as a tool in engineering design has 
become the standard. The possibility to assess the performance of a product 
through numerical simulations has created the opportunity to, in a virtual 
environment, test many different design variations in an inexpensive way. Before 
the simulation era, a new design was created based on experience from old designs 
and correlations. A prototype was built and tested and then improved upon in 
several iterations to obtain a final design. With the aid of for example CFD and 
Finite Element Method (FEM) simulations the duration and cost of these design 
iterations have come down significantly. This has facilitated the ability to do much 
of the optimization work before a prototype is even built. Within each 
computational discipline, such as fluid dynamics or structural mechanics, the 
improvement pace has started to slow as the designs get ever more mature. The 
focus in engineering design method development is therefore gradually shifting 
towards multidisciplinary and multi-level design. By developing such methods, the 
interaction between various components in the engine, for example, can be 
analyzed. In papers II and IV of this thesis, the interaction between two 
components, the LPT and the turbine rear structure (TRS) and the whole engine 
performance has been studied. 
4.1 Low pressure turbine 
The low pressure turbine (LPT) is a component of major importance in engine 
design. It can contribute up to one third of the power plant weight and up to 15% 
of the total cost [53]. Since it drives the fan, which contributes most of the thrust in 
a turbofan engine, its efficiency also has an important influence on the SFC of the 
engine. The typical exchange ratio of LPT efficiency to total engine efficiency is 
around 1:0.7, i.e. a 1% change in LPT efficiency gives a 0.7% change in total engine 
efficiency [53]. In addition, the LPT is an important noise source, especially at low 
throttle setting such as at approach to landing, where it can add 2dB to the total 
engine noise [53].  
When designing a turbine, a conceptual and preliminary design is done before 
moving to more detailed 2D and 3D design.  The conceptual design includes 
defining the number of stages, flow areas, rotational speeds, stage loadings and 
flow coefficients. Furthermore, it can include a mean-line design of the turbine 
where the velocity triangles are set. Three basic parameters are typically used 
during mean-line design to characterize the performance of an axial turbine stage. 
They are the flow coefficient, stage loading and degree of reaction and are defined 
according to: 
𝜓𝜓 = Δ𝐻𝐻
𝑈𝑈2
= 𝑉𝑉𝑥𝑥
𝑈𝑈
(tan𝛼𝛼2 + tan𝛼𝛼3) = 𝜙𝜙 (tan𝛼𝛼2 + tan𝛼𝛼3)           (9) 
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𝜙𝜙 = 𝑉𝑉𝑥𝑥
𝑈𝑈
= 1
tan𝛼𝛼2−tan𝛽𝛽2
            (10) 
𝑅𝑅 = ℎ2−ℎ3
ℎ1−ℎ3
= 𝜙𝜙
2
(tan𝛽𝛽3 − tan𝛽𝛽2)                    (11) 
 
Fig. 7. Velocity triangles for an LPT stage [53]. 
The parameters defined in the expressions above have been correlated with 
efficiency by Smith [54]. The correlation shows a trend of higher efficiency with 
lower stage loading and flow coefficient. In order to reduce the value of these 
parameters, the mean radius of the LPT usually increases from one stage to 
another to achieve a higher blade speed 𝑈𝑈. Another way to decrease the stage 
loading is to increase the number of stages, but this will increase the length, weight 
and cost of the component.  
In this thesis, the interaction between LPT and TRS was studied in Papers II and 
IV. Increasing the number of stages allows for a lower stage loading and thus higher 
efficiency, but at a weight penalty. Moreover, a lower stage loading will be 
associated with a lower exit swirl angle, see Eq. (9), which means that the TRS will 
need to provide less turning and the pressure drop in the TRS can be reduced. In 
addition, a lower turning typically allows for a lighter TRS design [53]. In 
combination, these factors mean that the last stage of the LPT is usually designed 
with a lower stage loading to facilitate the most efficient overall design [53].  
4.2 Turbine rear structure 
The turbine rear structure (TRS) is a static structure situated at the back of the 
engine, namely behind the low pressure turbine (LPT), see Fig. 8. Its function is to 
transfer loads from the engine core to the pylon and wing of the aircraft. In modern 
designs it also has a de-swirling function. Some engines can have a significant 
amount of outlet swirl from the LPT, which creates a need to de-swirl the flow to 
utilize the kinetic energy of the core flow in an efficient manner. This is done by 
21 
 
diffusing the swirling component either to increase pressure and thrust of the core 
nozzle, or to allow expansion to a lower static pressure increasing LPT power 
output. This means that the TRS vanes have a dual function. Furthermore, these 
vanes are often used to transfer oil from the aircraft to the engine (for instance for 
lubrication of the shaft bearings). The various functions of the TRS cause its design 
to be of a highly multidisciplinary nature. 
 
Fig. 8. Location of the TRS in a Rolls-Royce RB211 (Rolls-Royce plc., 2004). 
4.3 Coordination of multidisciplinary optimization problems 
Engineering companies are often organized so that engineers working within 
specific disciplines or separate subsystems of a product are placed in different 
divisions. The consequence of this is that the coordination of a multidisciplinary or 
multi-level design project becomes a challenging task. There will always be trade-
offs that have to be made between different disciplines or subsystems. When 
deciding which design solution to choose, this can lead to that the division manager 
with the best verbal skills and negotiating ability will secure a design solution best 
suited for that manager’s discipline. Therefore, it is desirable to have a method that 
can coordinate a multidisciplinary design problem automatically. One such method 
is non-hierarchical analytical target cascading (NHATC), developed by Tosserams 
et al. [55]. In NHATC, the optimization variables in each subsystem are identified, 
as well as the design constraints. The parameters that are communicated between 
the different subproblems are divided into targets and responses, see Fig. 9. For a 
given parameter that is computed in a subproblem (e.g. subproblem j) a response, 
rjn, is sent to the subproblem which is communicated with (e.g. subproblem n). 
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Subproblem n then sends back a target, tnj, for the same parameter to subproblem 
j. The set of subproblems for which j is computing responses and receiving targets 
from is denoted Rj.  
 
Fig. 9. Structure for a general problem formulated using NHATC [55]. 
A consistency constraint is then formulated to drive the difference between rjn and 
tnj to zero. Likewise, for the set of subproblems, contained in Tj, that j sends targets 
to and in which a response is computed and communicated back to j, another 
consistency constraint is formulated. Consistency is obtained through the 
utilization of augmented Lagrangian penalty functions denoted π in Eq. (12). The 
general NHATC problem is formulated in Eq. (12). min
𝐱𝐱�
fj (𝐱𝐱�) + ∑ π�𝐭𝐭 −𝐧𝐧𝐧𝐧 𝐫𝐫𝐧𝐧𝐧𝐧�n∈Rj + ∑ π�𝐭𝐭𝐧𝐧𝐣𝐣 − 𝐫𝐫𝐣𝐣𝐧𝐧�m∈Tj                      (12) subject to 𝐠𝐠𝐧𝐧(𝐱𝐱�) ≤ 𝟎𝟎 with 𝐫𝐫𝐧𝐧𝐧𝐧 = 𝐒𝐒𝐧𝐧𝐧𝐧𝐚𝐚𝐧𝐧(𝐱𝐱�), n ∈ Rj 
𝐱𝐱� = � 𝐱𝐱𝐧𝐧𝐭𝐭𝐧𝐧𝐣𝐣� ,𝑚𝑚 ∈ 𝑇𝑇𝑗𝑗 
 
Here, 𝐱𝐱� contains the optimization variables, 𝐠𝐠𝐧𝐧 represents the inequality 
constraints, 𝐒𝐒𝐧𝐧𝐧𝐧 is a selection matrix that selects components from 𝐚𝐚𝐧𝐧 to be sent to 
subproblem n. The indexing is organized such that the first index represents the 
subproblem which sends the parameter and the second index the subproblem that 
receives the parameter. 
 
The consistency constraints are relaxed through the augmented Lagrangian 
function π according to Eq. (13), using the penalty parameters v and w: 
 
π(𝐭𝐭 −𝐧𝐧𝐧𝐧 𝐫𝐫𝐧𝐧𝐧𝐧)  =  𝐯𝐯𝑻𝑻(𝐭𝐭 −𝐧𝐧𝐧𝐧 𝐫𝐫𝐧𝐧𝐧𝐧) + �𝐰𝐰 ∘ (𝐭𝐭 −𝐧𝐧𝐧𝐧 𝐫𝐫𝐧𝐧𝐧𝐧)�𝟐𝟐                       (13) 
23 
 
The symbol ∘ represents the Hadamard product, which is an entry-wise 
multiplication of two vectors, yielding 𝐚𝐚 ∘ 𝐛𝐛 = [𝑎𝑎1,⋯ ,𝑎𝑎𝑛𝑛]𝑇𝑇 ∘ [𝑏𝑏1,⋯ , 𝑏𝑏𝑛𝑛]𝑇𝑇 =[𝑎𝑎1𝑏𝑏1,⋯ , 𝑎𝑎𝑛𝑛𝑏𝑏𝑛𝑛]𝑇𝑇 [55]. 
 
The NHATC problem is coordinated using an alternating direction method of 
multipliers [56]. The subproblems are solved sequentially for a given set of penalty 
parameters v and w. Until convergence is reached, the penalty parameters v and w 
are updated using the formula: 
𝐯𝐯k+1 = 𝐯𝐯k + 2𝐰𝐰k ∘ 𝐰𝐰k ∘ 𝐪𝐪k               (14) 
where q is a vector containing the extended consistency constraints, i.e. the 
consistency constraints as well as the system-wide inequality and equality 
constraints. The penalty weight wi is updated according to: 
wik+1 = � wik if �qik� ≤ α�qik−1�βwik if �𝑞𝑞𝑖𝑖𝑘𝑘� > α�𝑞𝑞𝑖𝑖𝑘𝑘−1� with β > 1 and 0 < α < 1           (15) 
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5 Boundary layer ingestion 
One potential way of reducing the fuel consumption of aircraft is through boundary 
layer ingestion (BLI). When BLI is used, the propulsion system is integrated into 
a part of the boundary layer on the aircraft surface. Traditionally, integrating the 
engines into the boundary layer has been avoided in aircraft application due to 
detrimental effects on engine efficiency, mechanical loads and noise. However, in 
marine applications it is a well-established method to reduce the power required 
to propel the ship. The benefit of BLI has also been identified in the literature [57]. 
Smith [57] estimated a fuel burn reduction of 7% for cruise missiles. However, it is 
slightly more challenging for aircraft since the aircraft wake is also spread out over 
the wings.  
A few aircraft concepts utilizing BLI have been published in the literature. One of 
the more renowned is the Double-Bubble, or D8, developed by researchers at MIT 
[58]. The D8 features a lifting fuselage and tail-mounted boundary layer ingesting 
engines and is claimed to reduce fuel consumption by 33%. 
 
Fig. 10. The NASA/Aurora D8 ("Double bubble") aircraft concept [59]. 
The Silent Aircraft initiative developed a blended-wing-body aircraft with 
boundary layer ingesting rear-mounted engines on top of the aircraft in order to 
achieve a fuel efficient and quiet design. It was estimated to achieve a 25% fuel 
burn reduction compared to a conventional aircraft [60]. 
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The Airbus Nautilius concept is powered solely by two high-bypass turbofan 
engines integrated into a split tail. These engines ingest the entire fuselage 
boundary layer and the fuel burn reduction has been estimated to 8-10% [61]. 
A propulsive fuselage concept (PFC) with a turbo-electrically driven aft-fan has 
also been studied in the EU projects DisPURSAL [62] and CENTRELINE [63]. 
It has two under-wing podded gas turbine engines and a circumferentially mounted 
fan located in around the tail-cone of the fuselage. The fuselage fan reduces the 
momentum deficit in the aircraft wake and lowers the total thrust requirement. 
The fan is electrically driven and powered by generator offtake from the main 
under-wing power plants. NASA’s version of this concept, the STARC-ABL, is a 
single-aisle aircraft and is estimated to reduce fuel burn by around 3% [64].  
 
Fig. 11. The NASA STARC-ABL concept. Image credit: NASA. 
Despite its relative similarity to conventional aircraft designs many new design 
challenges arise due to the turbo-electric powertrain and the tail-mounted fan. To 
be able to ingest a substantial part of the boundary layer, the fan must have a power 
in the multi-MW range. This means that the generators required become much 
larger than the ones used for power offtake in conventional aircraft. Currently, the 
generators are usually integrated in the bottom part of the nacelle and the shaft 
torque is transferred through an auxiliary gearbox from the engine shaft to the 
generator [49]. The larger generator required for the turbo-electric aircraft is too 
large to be integrated in the bottom of the nacelle, without unduly increasing the 
nacelle size. Instead it must be integrated along the engine axis. This creates 
additional challenges for the cooling of the generator as well as for example access 
for maintenance. The space is also limited since hydraulic systems, the cooling 
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system for the fan gearbox etc. are already integrated into the engine. Moreover, 
the cables that transfer the electricity from the generator to the electric motor 
driving the fan need to fit in the wing and fuselage. Due to the generator and 
electric motor operating with alternating current (AC) and the electricity transfer 
being most efficient, in terms of size of the cables, with direct current (DC), 
additional power electronics also need to be included. These consist of a rectifier 
on the generator side, which also needs to be integrated into the main engine and 
an inverter on the motor side. These components also require cooling.  
The fuselage fan creates additional design challenges due to its location in the tail-
cone of the fuselage. For example, enough ground clearance needs to be 
maintained at take-off to avoid tail-strike or ingesting debris from the runway 
surface. This might require a longer landing gear, which will add to the aircraft 
weight and is likely to generate a higher airframe noise, which is especially critical 
at landing, when the airframe is the major contributor to noise. It is also unclear 
how the fuselage fan noise will be affected by the distorted inflow, but this is an 
additional potential challenge. 
The benefit of BLI comes from the fact that less power is needed to impart a given 
amount of momentum on the flow if the entering flow has a lower velocity [65]. 
The practical challenges involved stem from the effects of the distorted flow profile 
of the fluid entering the propulsor, which typically include lower component 
efficiency.  
Rolt and Whurr published a study on a fuselage BLI aircraft concept [66]. They 
established fuel burn results for both a turbo-electrically and a gas turbine driven 
aft-fan. They showed a similar fuel burn reduction of around 3.5%. It is worth 
noting that the turbo-electric version assumed an electric machinery technology 
level based on the availability of superconducting components. Rolt and Whurr’s 
concept ingested 82.5% of the boundary layer, but they noted that the biggest gain 
comes from ingesting the inner 40-50%. They also stated that if the transfer 
efficiency of the BLI propulsor is lower it may not pay to target the outer part of 
the boundary layer at all. In addition, they pointed out that if several small engines 
are used in a distributed propulsion concept, the reduction in thermal efficiency 
can offset the gains. 
5.1 Boundary layer ingestion modeling 
Lundbladh and Grönstedt [18] presented a method of thrust and drag accounting 
for boundary layer ingesting propulsors. Traditionally, the propulsive and thermal 
efficiencies are defined according to Eqs. (16) and (17). 
𝜂𝜂𝑝𝑝 = 𝑉𝑉0𝐹𝐹𝑁𝑁𝑃𝑃𝑗𝑗−𝑃𝑃0   (16) 
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𝜂𝜂𝑡𝑡ℎ = 𝑃𝑃𝑗𝑗−𝑃𝑃0𝑊𝑊𝐹𝐹𝑄𝑄𝐹𝐹   (17) 
According to this definition intake losses will cause the thermal efficiency to 
decrease. However, if the intake of the propulsion unit is located in the boundary 
layer of a part of the aircraft, the drag of this part will manifest as an intake pressure 
loss. In that case, the drag is included as a loss in thermal efficiency and should not 
be included in the aircraft drag. To avoid the counterintuitive nature of having a 
down-stream component affecting the drag of an upstream component, Lundbladh 
and Grönstedt proposed an alternative thrust-and-drag accounting method. For 
the case that the static pressure immediately upstream of the intake is equal to the 
freestream pressure the efficiencies are defined as: 
𝜂𝜂𝑝𝑝 = 𝑉𝑉0𝐹𝐹𝑁𝑁𝑃𝑃𝑗𝑗−𝑃𝑃𝑖𝑖   (18) 
𝜂𝜂𝑡𝑡ℎ = 𝑃𝑃𝑗𝑗−𝑃𝑃𝑖𝑖𝑊𝑊𝐹𝐹𝑄𝑄𝐹𝐹   (19) 
𝑃𝑃𝑖𝑖 = 𝑊𝑊𝑖𝑖𝑉𝑉𝑖𝑖2/2        (20) 
The net thrust is defined as: 
𝐹𝐹𝑁𝑁 = 𝑊𝑊𝑗𝑗𝑉𝑉𝑗𝑗 −𝑊𝑊𝑖𝑖𝑉𝑉𝑖𝑖       (21) 
with 𝑉𝑉𝑖𝑖 taken as the velocity immediately upstream of the intake. In the general 
case 𝑉𝑉𝑖𝑖, then called the equivalent velocity, should be calculated as the velocity that 
would result from expanding the total pressure at the intake to the freestream static 
pressure. Employing these definitions, the efficiencies and thrust only depend on 
what happens from the propulsor intake to exhaust and the drag ahead of the 
intake is included in the airframe drag. The engine cycle is then calculated as usual, 
starting from the lower total pressure at the intake. 
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6 Summary of papers 
In this chapter, a short summary of the appended papers will be provided along 
with a contribution report for each paper. 
6.1 Paper I 
S. Samuelsson, K.G. Kyprianidis and T. Grönstedt, 2015, ”Consistent Conceptual 
Design and Performance Modeling of Aero Engines”, ASME Turbo Expo 2015, 
GT2015-43331, Montréal, Canada 
When carrying out engine cycle optimization and conceptual design, typically 
assumptions on component efficiencies are made at the outset of the cycle 
optimization. This may lead to a suboptimal design if too conservative assumptions 
are made and conversely, if too optimistic assumptions are made, they will lead to 
weaker performance than predicted. However, after performing conceptual 
design, more accurate values of parameters such as stage loadings can be obtained. 
The component efficiencies can be correlated with these parameters to update the 
efficiency assumptions. In this paper, a method is presented where the component 
efficiencies are updated inside the optimization loop based on the conceptual 
design output. This facilitates an engine cycle optimization that is consistent with 
the parameters calculated in the conceptual design. To demonstrate the method, a 
long-range geared turbofan was optimized using both the traditional approach and 
the consistent optimization method. The results showed that using the consistent 
optimization method gave a different pressure ratio split between the IPC and 
HPC as well as providing a 1% lower SFC as it was better able to balance the 
performance of the different components. 
6.1.1 Division of work 
The paper was conceptualized by Grönstedt and Kyprianidis. The consistent 
optimization method was implemented in GESTPAN by Samuelsson and 
Grönstedt. Samuelsson carried out the optimization studies and wrote the paper, 
assisted by Grönstedt. Kyprianidis provided comments on the paper. 
6.2 Paper II 
V. Raja, S. Samuelsson, O. Isaksson and T. Grönstedt, 2015, “Exploring Influence 
of Static Engine Component Design Variables on System Level Performance”, 
ISABE 2015, ISABE2015-20082, Phoenix, United States 
A coupling study was performed where the effect of TRS design variables on the 
overall engine performance were studied. The results showed that a mis-matched 
TRS with respect to the LPT causes an SFC penalty of up to 0.9% and this was 
taken as motivation for further studies of the TRS interaction with the LPT. 
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Furthermore, the authors came to the insight that a more detailed model of the 
LPT was needed to be able to obtain more meaningful results on the coupled 
design of the LPT and TRS, which constituted the basis for Paper IV. 
6.2.1 Division of work 
The paper was conceptualized by Raja and Samuelsson, with input from Grönstedt 
and Isaksson. Raja performed the analysis of the TRS design. Using the TRS 
performance output, Samuelsson carried out the engine performance modeling. 
Raja and Samuelsson wrote the paper, with Raja leading the effort. Feedback was 
provided by Isaksson and Grönstedt. 
6.3 Paper III 
A. Seitz, F. Peter, J. Bijewitz, A. Habermann, Z. Goraj, M. Kowalski, A. Castillo Pardo, 
C. Hall, F. Meller, R. Merkler, O. Petit, S. Samuelsson, B. Della Corte, M. van Sluis, G. 
Wortmann and M. Dietz, 2018, “Concept Validation Study for Fuselage Wake-filling 
Propulsion Integration”, ICAS 2018, Belo Horizonte, Brazil 
In this paper, an overview of the CENTRELINE project is given along with 
intermediate results at an early stage of the project. 
6.3.1 Division of work 
The outline of the paper was provided by Seitz, who also synthesized the paper. 
All project partners provided input in their area of responsibility in the project. 
Samuelsson wrote the section about the main power plants (Section 7.3). 
6.4 Paper IV 
X. Zhao, V. Raja, S. Samuelsson, O. Isaksson, A. Lundbladh and T. Grönstedt, 
2019, ”Conceptual Mean-line Design of a Low Pressure Turbine for a Geared 
Turbofan with Rear Structure Interaction”, ISABE 2019, ISABE2019-24345, 
Canberra, Australia 
The coupled performance of an LPT and TRS in a geared turbofan engine is 
studied further in this paper. A mean-line design of the LPT is performed and its 
interaction with the TRS is analyzed. The hade angle of the LPT is varied for a 3-
stage and a 4-stage design. The LPT ouflow angle and Mach number are then fed 
to the TRS design to compute a pressure drop and TRS weight. The results showed 
that if the LPT design is done in isolation of the TRS, a 3-stage design is optimal, 
while if the TRS is considered, a 4-stage design is optimal. Therefore, it was 
concluded that an integrated design of the LPT and TRS is necessary to obtain the 
best design.  
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6.4.1 Division of work 
The paper was conceived by Samuelsson and Raja, with feedback from Grönstedt 
and Isaksson. The LPT mean-line design was made by Samuelsson. Zhao and Raja 
carried out the simulations for LPT and TRS, respectively. Zhao wrote the paper 
with input provided by Raja. Isaksson, Grönstedt and Lundbladh provided 
feedback. Samuelsson edited the paper before submission. 
6.5 Paper V 
S. Samuelsson, O. Petit, R. Merkler and G. Wortmann, 2019, “Adaption of a 
Turbofan Engine for High Power Offtakes for a Turbo-electric Propulsive 
Fuselage Concept”, ISABE 2019, ISABE2019-24215, Canberra, Australia 
The performance characteristics and conceptual design of a geared turbofan 
designed for the large power offtake required for the turbo-electric propulsive 
fuselage concept. The power offtake is extracted from a free power turbine (PT) 
stage located after the LPT. The PT features variable area to be able to 
independently control thrust and power offtake. An advantage of introducing the 
PT is that the rotational speed can be chosen to suit the generator that needs to be 
integrated on the engine axis due to its size. The engines show a reduction in fan 
diameter of 11% and weight of 13% (excluding electric machinery weight) 
compared to a geared turbofan for a reference aircraft. 
6.5.1 Division of work 
The work in the paper was performed as part of the CENTRELINE project and 
was conducted in parallel with the work presented in Paper VI. The paper was 
conceived by Samuelsson, Petit, Merkler and Wortmann. Samuelsson 
implemented the engine model in GESTPAN and WEICO, set up and performed 
the engine performance and conceptual design of the engine, and wrote the paper. 
Merkler provided input regarding integration aspects and Wortmann provided 
input on the electric machinery implications. They also provided feedback on the 
paper.  
6.6 Paper VI 
R. Merkler, S. Samuelsson and G. Wortmann, 2019, “Integration Aspects for Large 
Generators into Turbofan Engines for a Turbo-electric Propulsive Fuselage 
Concept”, ISABE 2019, ISABE2019-24087, Canberra, Australia 
In Paper VI, the integration aspects of the engine concept presented in Paper V 
are presented. The down-selection process for choosing the most suitable way of 
integrating the generator is laid out. This leads to the choice of integrating the 
generator in the turbine section of the engine. Locating the generator in the aft 
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part of the engine reduces the bending moment on the pylon, compared to locating 
it further forward in the engine. It also enables the introduction of a free power 
turbine for power offtake, which is beneficial for the generator mass as the 
rotational speed can be adapted to its operation. Also, the thermal integration 
aspects are presented. The power electronics are air-cooled and integrated in the 
bypass duct. The generator is oil-cooled and thermally shielded by a jacket. The oil 
is cooled using an air-cooled oil-cooler integrated in the bypass duct, which causes 
an additional pressure loss. This is also identified as the most important drawback 
of the chosen integration concept. 
6.6.1 Division of work 
The work in the paper was performed as part of the CENTRELINE project and 
was conducted in parallel with the work presented in Paper VI. The publication 
was conceived by Merkler, Samuelsson and Wortmann. Merkler provided the 
expertise on how to integrate the electric machinery in the engine and wrote the 
paper. Samuelsson contributed with analysis of the impact on engine performance 
and provided cross-sectional drawings of the engine and gave feedback on the 
paper. Wortmann provided the knowledge of the electric machinery, including 
mass estimates and gave feedback on the paper. 
6.7 Paper VII 
S. Samuelsson and T. Grönstedt, 2019, “Performance Analysis of Turbo-electric 
Propulsion System with Boundary Layer Ingestion” 
Submitted to Aerospace Science and Technology 
A performance analysis of a propulsive fuselage concept was conducted. The 
fuselage aft-mounted BLI fan diameter was varied to obtain an optimal amount of 
ingested boundary layer. The analysis showed a fuel burn reduction of 0.6% using 
conventional electric machinery and 3.6% using superconducting electric 
machinery. The results show that all of the benefit is achieved from ingesting the 
lower-velocity inner part of the boundary layer. Even with superconducting 
electric machinery, the benefit of ingesting the outer half, in momentum-deficit 
terms, of the boundary layer is minimal. The electric machinery losses and 
efficiency penalty of the fuselage fan operating in distorted inflow more than offset 
the theoretical gain of capturing the outermost part of the boundary layer. It is 
concluded that this leads to only modest gains in achievable fuel burn reduction 
despite previous studies showing a large theoretical potential for the concept. 
6.7.1 Division of work 
The paper was conceived by Samuelsson, with assistance from Grönstedt. 
Samuelsson extended GESTPAN and WEICO to model the propulsion system 
including the turbo-electric power train and fuselage fan. Samuelsson also set up 
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and performed the simulations and results analysis. Samuelsson wrote the paper, 
with feedback from Grönstedt. 
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7 Conclusion 
Two routes to making air travel more efficient have been presented. The first route 
concerned improved methods for integrated assessment of the engine. The 
presented consistent conceptual design method showed that the design space is 
more fully explored if conceptual design output is used to update the assumptions 
made in the cycle calculations. This led to that component pressure ratios could be 
more optimally balanced. The method will also reduce the risk of making too 
optimistic assumptions on component performance and thus the need for costly 
changes late in the design process. Furthermore, an integrated assessment of a low 
pressure turbine and a turbine rear structure was presented. It showed the 
importance of considering component design interactions as an optimal design of 
an isolated LPT led to a suboptimal design of the LPT with TRS. In order to 
include more design variables and constraints into the model, an automized 
optimization method such as non-hierarchical analytic target cascading could be 
used. One of the challenges involved with this would be how to include engineering 
judgment, since all constraints involved in a component or full engine design are 
difficult to implement in an automized way. 
The second route involved studying a propulsive fuselage aircraft concept. A main 
power plant design featuring a free power turbine accommodating large power 
offtakes was suggested. One advantage is that this design choice facilitates a 
compact generator design and creates a buffer against torque oscillations that can 
occur during abnormal operation of the generator. A disadvantage is the additional 
pressure loss in the bypass channel that is caused by the required cooling system. 
There are also design challenges regarding the power turbine, as it requires 
variable geometry. This will add mass and cause an additional performance 
penalty. 
The system level performance of the propulsive fuselage concept has also been 
assessed, being one of the more promising boundary layer ingesting configurations. 
The analysis showed the practical challenges of fulfilling the theoretical promise of 
the concept. It was determined that little benefit can be obtained from ingesting 
the outer part of the fuselage boundary layer, due to the small difference between 
the mean flow properties in this part of the boundary layer and the free-stream 
conditions. The losses in electric machinery and lower efficiency of the fuselage fan 
compared to the main engine fan more than compensated for the small gain that 
could otherwise be achieved by ingesting the outer part of the boundary layer. To 
be able to realize a higher benefit from fuselage boundary layer ingestion, the 
associated losses must be minimized. However, the analysis showed that even with 
superconducting electric machinery only a modest benefit can be obtained, 
highlighting the technological challenges in achieving the theoretical potential of 
this concept. 
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